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The microstructure and the electronic work function of Pt–Ru alloy thin films spanning the
compositional range from pure Pt to pure Ru were investigated. Nominally 50 nm thick films were
cosputtered from elemental targets in an ultrahigh vacuum chamber. X-ray reflectivity and
Rutherford backscattering spectroscopy were used to determine the film thicknesses and
compositions. The electronic work function of the alloy film samples was determined by analysis of
the capacitance-voltage characteristics of films deposited as part of a metal-oxide-semiconductor
capacitor structure and found to range from 4.8 eV for pure Ru to 5.2 eV for pure Pt. To better
understand the variation in work function for the intermediate compositions, the films were
characterized by transmission electron microscopy and x-ray and electron diffractions. A notable
increase in the compositional range of the hexagonal close packed 共hcp兲 phase was observed,
suggesting a metastable extension of the hcp phase stability as compared to bulk Pt–Ru alloys. The
steepest change in the electronic work function for the intermediate alloy compositions coincided
with a rapid change in the c / a ratio of the hcp phase. © 2008 American Vacuum Society.
关DOI: 10.1116/1.2966422兴

I. INTRODUCTION
The continued scaling of device dimensions in complementary metal-oxide-semiconductor 共MOS兲 technology in
the sub-70 nm region requires an alternative high dielectric
共high-兲 oxide layer to counter tunneling leakage currents
and a metallic gate electrode to address limitations of
polysilicon.1 As the technology scaling continues for higher
density and performance, limitations associated with the
polysilicon gate become increasingly important. These limitations include increasing polydepletion effects, high gate resistance, boron penetration, and compatibility issues with
high permittivity gate dielectric films.2,3 Metal gates can potentially address these limitations and are therefore attracting
a兲
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research interest.4,5 Several approaches, including implanted
metals,6 fully silicided gates,7 and metal alloys,8 have been
investigated in an effort to achieve tunable work function
metal gates. Recently, the use of metal bilayers has been
reported as another method to achieve the desired work
function9–11 where the work function is continuously
changed from that of one metal to the other.
A key parameter for the choice of the metal gate material
is its work function. For p-channel MOS 共p-MOS兲, Pt and
Ru are both possible choices due to their higher work function value. Alloys of these metals can also be considered to
achieve an optimized or “tunable” work function. Replacing
the polysilicon in the gate typically requires a dual metal
approach; a metal with a p-MOS work function and a second
metal with n-MOS work function. The work function 共⌽m兲
of the metal must be near the conduction band edge for
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n-MOS and near valence band edge of silicon for p-MOS in
order to satisfy the low power and low supply voltage demand. A detailed study of the resulting phases for a binary
metal alloy system is important, as it can be expected to
impact the important properties of the gate electrode material, such as its work function, electrical resistivity, and thermal stability. Relatively little work has been done to investigate work function in two-phase alloys. However, for fcc
materials, the dependence of work function and lattice parameter on alloy composition has been demonstrated theoretically and corroborated experimentally.12 Furthermore, the
effect of composition and phase transformation on work
function in Ta–Si alloy films has also been investigated.13 In
this paper we report a detailed phase characterization of PtRu
binary-alloy thin films performed predominantly by x-ray
diffraction 共XRD兲.

1209

FIG. 1. Bright field TEM micrograph of Pt–Ru alloy thin film with a Ru
concentration of 84 at. %. The film is polycrystalline and continuous with a
grain size on the order of 100 Å.

II. EXPERIMENT
Pt–Ru alloys were prepared by sputter deposition in an
ultrahigh vacuum system. The alloys were formed by cosputtering Pt and Ru from elemental targets with a purity of
99.95%. A quartz crystal thickness monitor was used to calibrate deposition rates at various dc power settings which
allowed for alloy composition to be controlled. The base
pressure was ⬃1 ⫻ 10−8 Torr, while the deposition pressure
was maintained at 4 mTorr with a flow of 20 SCCM 共SSCM
denotes cubic centimeter per minute at STP兲 of Ar. The purity of the Ar process gas was maintained by a hot reactive
metal getter. Process gas contamination in the deposition
chamber at the typical deposition pressure of 4 mTorr was
confirmed to be less than 10 ppm 共the instrumental sensitivity limit兲 by closed ion source quadrapole mass spectrometry.
To extract the work function of the binary alloys of Pt–
Ru, MOS-capacitor structures were fabricated. Aluminum
was thermally evaporated, in a cryo filament evaporator, on
the back side of the silicon wafer and annealed in Ar ambient
at 500 ° C for 30 min to establish an Ohmic contact. The
metal alloys were deposited after back side Al Ohmic contacts were established. HP 4192 impedance analyzer was
used to measure high-frequency C-V data at 1 MHz. The
flatband voltage Vfb was extracted from the C-V characteristics based on the North Carolina State University C-V
program14 and plotted against the effective oxide thickness to
determine the work function for the Pt–Ru binary-alloy system. The work function was also determined from the
Schottky-barrier height, extracted from the I-V and C-V
characteristics of the Schottky-barrier diode. It is well known
that the Schottky-barrier height depends on the quality of the
semiconductor material, the method of surface preparation
prior to metallization, and the metallization itself. The n-type
silicon wafers were cleaned, and the back side aluminum
Ohmic contact was first established as described above. The
silicon surface was hydrogen terminated by hydrofluoric acid
just before introducing the wafer in the vacuum chamber for
sputter deposition of Pt–Ru alloy metals to form the Schottky
diode. I-V characteristics of the Pt–Ru Schottky contacts
were obtained under dark conditions, at room temperature
JVST A - Vacuum, Surfaces, and Films

共295 K兲, using Keithley Instruments picoammeter/voltage
source model 6487. A Keithley Instruments C-V analyzer
model 590 was used to measure the C-V characteristics of
the Pt–Ru Schottky contacts, and the barrier height was extracted to calculate the metal work function.10,11
Films were deposited onto glass substrates for x-ray diffraction analysis to prevent the artifacts that often result from
multiple scattering events within a single crystal Si substrate.
Films for transmission electron microscopy were deposited
on oxidized Si wafer substrates.
Rutherford backscattering spectroscopy 共RBS兲, performed
with a General IONIX 1.7 MV Tandetron RBS system, was
used to determine alloy composition, and the x-ray characterization was performed on a Rigaku D-Max system using
Cu K␣ radiation. X-ray reflectivity was used to determine
film thickness by analyzing specular reflectivity patterns with
15
BEDE REFS software. Thin film XRD was used to investigate the crystal structure of the alloys as a function of their
respective compositions. Analysis of XRD patterns was performed with JADE 7.5 from MDI. The Pt–Ru thin films, on
glass substrates, were cut into approximately 1 ⫻ 1 cm2
squares and were rinsed with alcohol to provide a relatively
clean surface prior to XRD characterization.
III. RESULTS
Bright field transmission electron microscopy 共TEM兲 imaging reveals the films to be polycrystalline and continuous
with a negligible void fraction 共Fig. 1兲. There is some variation in grain size between samples that we attribute to small
variations in film thickness.
The structural dependence on composition can be seen in
the XRD patterns and is qualitatively confirmed with electron diffraction. Figure 2 shows grazing incidence XRD of
thin films spanning the compositional range from pure Pt to
pure Ru and intensities have been offset for clarity. The pure
Pt and pure Ru samples are clearly single-phase face centered cubic 共fcc兲 and hexagonal close packed 共hcp兲, respectively, and what is of interest is the transition from fcc to hcp
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FIG. 3. X-ray and electron diffraction patterns of a Pt–Ru alloy thin film
with 58 at. % Ru are shown. A mixed fcc-hcp phase is evident from the
presence of a fcc共200兲 reflection and hcp共101兲 and hcp共100兲 reflections.

FIG. 2. XRD patterns of 共a兲 low angle and 共b兲 high angle reflections of
Pt–Ru alloys spanning the compositional range from pure Pt to pure Ru. 共a兲
The fcc共111兲 peak shifts to higher angles and is replaced by the hcp共002兲
peak. A decreasing fcc共200兲 peak intensity and increasing hcp共100兲 and
共101兲 peak intensities are seen. 共b兲 The hcp共103兲 peak emerges with increasing Ru concentration. Also, the fcc共331兲 peak shifts to higher angles and
splits into hcp共112兲 and 共201兲 peaks.

that occurs at intermediate compositions. The low angle reflections 关Fig. 2共a兲兴 reveal a fcc共111兲 peak for pure Pt that
gradually shifts to higher angles and can ultimately be indexed as the hcp共002兲 peak in pure Ru. As this peak is common to both crystal structures, it cannot be used as evidence
of the absence of either one of these two phases. However,
the fcc共200兲 peak is unique to the fcc phase and it is observed to decrease in intensity with increasing Ru concentration and is not discernible in Fig. 2共a兲 above 43 at. % Ru.
This observation is accompanied by the growth of the
hcp共100兲 and 共101兲 peaks with increasing Ru concentration.
Both of these peaks are clearly present in the sample having
63 at. % Ru, and some indication of the hcp共101兲 peak is
also present at 58 at. % Ru. The higher angle XRD peaks for
these same samples 关Fig. 2共b兲兴 clearly show the presence of
the hcp phase at 58 at. % Ru, as the 共103兲 peak is unique to
the hcp phase. The hcp共103兲 peak intensity increases as the
Ru concentration is increased. Also evident is the shift to
J. Vac. Sci. Technol. A, Vol. 26, No. 5, Sep/Oct 2008

higher angles of the fcc共331兲 and its splitting into hcp共112兲
and 共201兲. Clearly, the 58 at. % Ru sample is at or near the
transition with composition from fcc phase to hcp phase and
warrants a more detailed examination.
Assessment of the sample with a 43 at. % Ru concentration 共figure not shown兲 reveals asymmetries in the fcc共111兲
and fcc共200兲 peaks. We attribute these asymmetries to
hcp共100兲 and hcp共101兲, respectively, thereby suggesting a
dual phase microstructure at this composition that remains
predominately fcc. Figure 3 shows the full range of XRD
measured for the 58 at. % Ru sample and also includes a
comparable range of electron diffraction intensities for the
same sample 共Fig. 3 inset兲. The presence of both fcc and hcp
phases is apparent in that the fcc共200兲 peak remains a dominant feature of the diffraction pattern, while several hcp
peaks are also present. This is evident in both x-ray and
electron diffraction data. The fcc共200兲 remains discernible,
albeit less intense, for the sample with a 63 at. % Ru concentration 共not shown兲 indicating some remaining fcc phase.
Pt–Ru alloys with Ru concentrations higher than 63 at. %
have only discernible hcp phase peaks in both electron and
x-ray diffractions.
The d-spacing and lattice parameters for the fcc and hcp
phases were obtained from the XRD data. Figure 4 shows the
shift of the d-spacing of the fcc共111兲 plane and subsequent
hcp共002兲 plane as a function of Ru concentration. Increasing
the Ru concentration causes the d-spacing of the fcc共111兲
plane to decrease linearly at a rate of 9 ⫻ 10−4 Å / at. % Ru,
while the hcp共002兲 d-spacing decreases at a rate of 1.5
⫻ 10−3 Å / at. % Ru. In the cases where fcc共111兲 and
hcp共002兲 peak overlaps prevent a direct measurement of their
respective peak positions, the nonoverlapping reflections
were used to calculate the lattice parameters for the fcc and
hcp phases and subsequently the d-spacing values for the
fcc共111兲 and hcp共002兲. The observed d-space decrease with
increasing Ru concentration is attributed to the smaller bonding radius of Ru as compared to Pt. For samples with a
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FIG. 4. d-spacing extracted from XRD data for the fcc phase 共open circles兲
and the hcp phase 共filled circles兲 is shown as a function of the Ru concentration of the Pt–Ru thin film alloy samples. The two-phase region where
both phases are present in the thin films is indicated by the dotted circle.
Also shown is the two-phase region expected for bulk alloys 共Ref. 16兲
共dashed lines兲.

discernible hcp phase, a proportional change in both lattice
parameters 共c and a兲 could not fully account for the measured change in all peak positions, therefore indicating a
compositional dependence of the c / a ratio as well. Figure 5
shows the measured c / a ratio as a function of Ru concentration, and the data follow a weakly quadratic trend.
Figure 6 presents the results of measurements of the work
function for these alloys as a function of composition, and a
complex nonlinear behavior is evident. The variation in work
function follows the observed metastable extension of the
hcp phase identified by XRD 共Fig. 4兲. Regions of weak compositional dependence are observed in the single-phase and
near single-phase regions of the alloy thin films. Steep compositional dependence is observed across the intermediate
compositional range where the c / a ratio is observed to de-

FIG. 5. c / a ratio for the hcp phase of the Pt–Ru alloys thin films is shown as
a function of Ru concentration. A quadratic dependence of the c / a ratio on
Ru concentration is evident.
JVST A - Vacuum, Surfaces, and Films
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FIG. 6. Electronic work function of the Pt–Ru alloy thin films is shown as a
function to Ru concentration. Regions of weak compositional dependence
are observed near the compositional extremes, and a steeper compositional
dependence is observed across the intermediate compositional range. The
two-phase region identified in Fig. 4 is also indicated.

crease most rapidly as Ru concentration is increased. Figure
7 shows the strong correlation between the electronic work
function and c / a ratio of the hcp phase samples, where a
linear relationship is observed. In previous works10,11 we reported that that the change of film properties with composition is consistent with the two-phase region of the equilibrium phase diagram. This conclusion, although still valid,
has been extended and refined: Here we report that this same
compositional range consists primarily of a nonequilibrium
extension of the hcp phase in which the c / a ratio varies
rapidly.
IV. DISCUSSION
According to the equilibrium phase diagram for bulk
Pt–Ru alloys,16 a Ru content of less than 62 at. % is expected
to consist of only fcc phase, and Ru concentrations of more
than 80 at. % are expected to be hcp. Both fcc and hcp
phases of Pt and Ru are expected to be present for Ru con-

FIG. 7. Approximately linear relationship is observed between the electronic
work function and the c / a ratio of the hcp phase in Pt–Ru alloys.
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centrations between 62 and 80 at. %. However, structural
analysis of the Pt–Ru thin film alloy system reveals a notable
increase in the compositional range of the hcp phase, suggesting a metastable extension of the hcp phase stability as
compared to bulk Pt–Ru alloys. In the case of thin films, a
mixed hcp-fcc phase becomes apparent with Ru concentrations as low as 43 at. %. Furthermore, the fcc phase is completely absent 共single-phase hcp兲 for Ru concentrations
higher than approximately 65 at. %. In addition to the metastable extension of the hcp phase, a gradual change of phase
is apparent in the form of a linearly decreasing d-space of the
fcc共111兲, and subsequent hcp共002兲 planes, as Ru concentration is increased. A decrease in c / a ratio is also evident in the
hcp phase. When these structural changes with composition
are compared to the electronic work function variation, it is
evident that the steepest change in work function coincides
with the steep change in c / a ratio of the hcp phase.
V. CONCLUSION
PtRu alloy thin films were sputter deposited in an ultrahigh vacuum chamber by dc magnetron sputtering and were
extensively characterized by XRD to quantify the phase dependence of the alloy composition in the Pt-Ru alloy thin
films. Equilibrium binary phase diagrams15 for bulk Pt–Ru
alloys indicate a two-phase microstructure for compositions
from 62 to 80 at. % Ru. However, for these thin films a notable increase in the compositional range of the hcp phase
was observed, suggesting a metastable extension of the hcp
phase stability as compared to bulk Pt-Ru alloys. The steepest change in the electronic work function for the intermediate alloy compositions coincided with a rapid change in the
c / a ratio of the hcp phase.
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